Introduction
Observations in cosmology and astrophysics indicate that about 84% of the matter in the Universe, the so-called dark matter, is non-baryonic, non-relativistic, and does interact only through gravity. [1] [2] [3] [4] .
These observations involve the internal dynamics of galaxy clusters [5] , the rotation curves of galaxies [6] , weak lensing [7] , also the Cosmic Microwave Background (CMB) from which the relic density of cold dark matter (CDM) in the Universe is at present deduced to be Ω CDM h 2 = 0.1199 ± 0.0022 (Planck+WMAP) [8, 9] .
A common assumption is that dark matter is made of Weakly Interacting Massive Particles (WIMPs) that form halos in which the visible baryonic part of galaxies is embedded. There are a variety of candidates for WIMPs, among which those provided by theories based on supersymmetry (SUSY) attract a great deal of interest. In some classes of minimal supersymmetric (MSSM) and minimal universal extra-dimensional (mUED) extensions of the Standard Model (SM), the lightest particle (LP) is stable thanks to the conservation of a model-dependent parity that forbids its decay into SM particles. Consequently, these LPs can only annihilate in pairs, making them a possible WIMP candidate for dark matter [10, 11] . In these models, secondary high-energy neutrinos are produced from the decay of the LPs' self-annihilation products. In mUED models, neutrinos can even be produced directly in the self-annihilations, since there is no helicity suppression of fermion pair production.
The search for WIMPs can be performed either directly by recording the recoil energy of nuclei when WIMPs scatter off them in suitable detectors, or indirectly. The indirect approach, which is adopted here, exploits a radiation signature (gamma-ray, synchroton, positron, anti-proton or, as in this case, neutrino flux) produced by the self-annihilation of WIMPs accumulated in massive astrophysical objects such as the Galactic Centre (GC), the Sun or the Earth [12] .
For the case of the GC, dealt with in this paper, where the density of dark matter in the galactic halo is supposed to be the highest, WIMPs self-annihilate to SM particles whose decay or hadronisation (if not directly to neutrinos) give rise to the production of high energy neutrinos which can travel from the GC to the Earth and be detected by neutrino telescopes.
In this paper, the indirect search for dark matter by looking for high-energy neutrinos coming from the GC, using the 2007-2012 data recorded by the ANTARES neutrino telescope, is described. The layout of the paper is as follows. In Section 2, the main features of the ANTARES neutrino telescope and the reconstruction algorithms used in this work are explained. In Section 3, the expected signal from WIMP self-annihilation from the GC, and the background expected from atmospheric muons and neutrinos are reported. In Section 4, the method used to optimise the selection of the neutrino events is described. Finally, the results obtained are discussed in Section 5, where limits on the neutrino plus anti-neutrino flux Φ νµ+νµ are derived from the absence of a signal. The corresponding 90% C.L. upper limits on the velocity-averaged annihilation cross-section < σ A v > are obtained for different benchmark channels of self-annihilation, and compared to the latest constraints from other experiments. In the following, neutrino will mean neutrino plus anti-neutrino, unless explicitly stated otherwise.
The ANTARES Neutrino Telescope
ANTARES is the first undersea neutrino telescope and the largest of its kind in the Northern Hemisphere [13] . It is located at 2475 m below the Mediterranean Sea level, 40 km offshore from Toulon (France) at 42 • 48' N and 6 • 10' E. The telescope consists of 12 detection lines with 25 storeys each. A standard storey includes three optical modules (OMs) [14] , each housing a 10-inch photomultiplier [15] and a local control module that contains the electronics [16, 17] . The OMs are orientated 45 • downwards in order to optimise their acceptance to upgoing light and to avoid the effect of sedimentation and biofouling [18] . The length of a line is 450 m and the horizontal distance between neighbouring lines is 60-75 m. In one of the lines, the upper storeys are dedicated to a test system for acoustic neutrino detection [19] . Similar acoustic devices are also installed in an additional line that contains instrumentation aimed to measure environmental parameters [20] . The location of the active components of the lines is known to better than 10 cm by a combination of tiltmeters and compasses in each storey and a series of acoustic transceivers (emitters and receivers) in certain storeys along the line and surrounding the telescope [21] . A common time reference is maintained in the full detector by means of a 25 MHz clock signal broadcast from shore. The time offsets of the individual optical modules are determined in dedicated calibration facilities onshore and regularly monitored in situ by means of optical beacons distributed at various points of the apparatus which emit short light pulses through the water [22] . This allows a sub-nanosecond accuracy on the relative timing [23] . Additional information on the detector can be found in Ref. [13] .
Data-taking started with the first 5 lines of the detector installed in 2007. The full detector was completed in May 2008 and has been operating continuously ever since, except for some short periods in which repair and maintenance operations have taken place. Other physics results using this data-taking period can be found elsewhere [24] [25] [26] [27] [28] [29] [30] [31] [32] .
High-energy muon neutrinos interacting in the matter before the detector produce relativistic muons that can travel hundreds of metres and cross the detector or pass nearby. These muons induce Cherenkov light when travelling through the water, which is detected by the OMs. From the time and position information of the photons provided by the OMs, the direction of the muons, which is well correlated with that of the neutrinos, is reconstructed.
Two reconstruction algorithms are used in this paper. The first one is based on the minimisation of a χ 2 -like quality parameter of the reconstruction, Q, which uses the difference between the expected and measured times of the detected photons, taking into account the effect of light absorption in the water [33] . The second algorithm consists of a multistep procedure to fit the direction of the muon track by maximising a likelihood ratio, Λ, which describes the quality of the reconstruction [27] . In addition to the Λ parameter, the uncertainty of the muon track angle, β, is used for the track selection. These two algorithms are respectively called here QFit and ΛFit. QFit is used for muon events reconstructed in a single detection line (single-line events), and ΛFit for muon events reconstructed on more than one detection line (multi-line events) in order to reach the best efficiency of reconstruction in the entire neutrino energy range. For QFit and ΛFit, a selection on the quality parameter Q < 0.8 and the couple (Λ > −5.7; β < 0.5 • ) have been used, respectively. These values of quality parameters are extracted from the optimisation step detailed in Section 4. QFit and ΛFit present different efficiencies of reconstruction, characterised by the effective areas for muon neutrinos, A ν eff (m 2 ), which are shown in Figure 1 as a function of the energy of the primary neutrinos E ν (GeV). An effective area, A ν eff , at a given energy is defined as the ratio between the neutrino event rate (s −1 ) in a detector and the neutrino flux (m −2 · s −1 ) at that energy. As one can see, the QFit reconstruction strategy has a larger efficiency in the low energy regime with A ν eff higher than the one obtained with ΛFit for E ν < 100 GeV. Beside the effective area, QFit and ΛFit yield different median angular resolutions,α = med[| arccos(d rec ·d nu ) |] ( • ) between the reconstructed muons,d rec , and the corresponding primary neutrinos,d nu , as shown in Figure 2 . For QFit, since in single-line events only the zenith angle, θ, is reconstructed,α is defined as the median of the difference between θ rec and θ nu ,α = med[| θ rec − θ nu |]. ΛFit yields a median angular resolution 6 • >α > 0.5 • for the primary neutrino energy range 100 GeV < E ν < 10 TeV, whilst QFit reaches a 5.5 • >α > 3.8 • for 15 GeV < E ν < 1 TeV. Both reconstruction algorithms are used in the search and the one with the best performance in a given energy range is selected to obtain the best possible limits in that range.
Signal and background simulation
The energy spectrum of muon neutrinos arriving at the Earth's surface from WIMP selfannihilation occurring in the GC's vicinity is computed using Ref. [34] . The muon neutrinos resulting from the self-annihilation channels in SM particles are propagated to the Earth for 17 different WIMP masses in the range from 25 GeV to 10 TeV. To compute the initial energy spectra at the GC, five benchmark self-annihilation channels of WIMP-like dark matter particles into SM particles are used:
Also, neutrinos flavours, α = e, µ, τ , can be produced directly or as subsequent decay products of the SM particles listed above. The propagation of the neutrinos includes the three-flavour neutrino oscillations in vacuum along the line of sight from the GC to the surface of the Earth using the values from Table 8 in Ref. [35] . The muon neutrino energy spectrum can be written as: 
where dN νµ /dE νµ ⊕ is the muon neutrino energy spectrum at the Earth, P(ν α → ν µ ) is the probability to observe the oscillation ν α → ν µ , where α = e, µ, τ , and dN να /dE να ⊖ is the corresponding energy spectrum at the GC. Examples of muon neutrino energy spectra at the surface of the Earth, dN νµ /dE νµ ⊕ , are shown in Figure 3 as a function of their energy E νµ (GeV) (the spectra in muon anti-neutrinos are identical), for an indicative mass M WIMP = 360 GeV. In this figure, the three-flavour oscillations process in vacuum over the GC-Earth line of sight is used as expressed in Equation 3.2. As with the dark matter search in the direction of the Sun [30] , WIMP WIMP→bb is the softest channel of muon neutrino production. The hardest channel of muon neutrino production from the GC is the primary WIMP WIMP → ν ανα . It is calculated taking into account the contribution of electroweak corrections discussed in Ref. [34] . The three other channels, WIMP WIMP → W + W − , τ + τ − , µ + µ − , present a hard contribution to the full spectrum of muon neutrinos at Earth. It can be noted that the channels to τ + τ − and µ + µ − differ only for E νµ < 100 GeV in this example.
In order to be as model-independent as possible, a self-annihilation branching ratio BR = 1 is used for each of the channels in Expression 3.1. Beyond-the-SM particle physics with BR < 1 can be accommodated by scaling the fluxes in Equation 3.2 linearly with the appropriate branching ratio.
The main backgrounds for this analysis are atmospheric muons and neutrinos, both produced in the interactions of cosmic rays with the Earth's atmosphere. Downgoing atmo- spheric muons dominate the trigger rate, which ranges from 3 to 10 Hz depending on the trigger conditions. They are simulated using MUPAGE [36] . Upgoing atmospheric neutrinos, ΛF it which are recorded at a rate of ∼50 µHz (about four per day), are simulated according to the parameterisation of the atmospheric ν µ flux from Ref. [37] in the energy range from 10 GeV to 10 PeV using GENHEN [38] . Furthermore, the propagation of muon tracks is simulated with the KM3 package [38] . The Cherenkov light produced in the vicinity of the detector is propagated taking into account light absorption and scattering in sea water [39] . The characteristics of the PMTs are taken from Ref. [14] and the overall geometry corresponds to the different layouts of the ANTARES detector during each data-taking period. The simulated effective area is used to evaluate the expected signal from WIMP selfannihilations. The expected background is estimated from the scrambled data in order to avoid systematic uncertainties from the simulation. The scrambling consists in a uniform randomisation of the UTC time of the events in the data-taking period. The zenith and azimuth angles of the reconstructed tracks are kept so as to preserve the angular response of the detector in the optimisation of the selection criteria. This procedure provides a means to follow a data blinding strategy while using all the relevant information on the detector performance.
The criteria to select events and to reduce the background from atmospheric muons and neutrinos, and to improve the sensitivity of ANTARES to a dark matter signal, are devised following a blind procedure on the srambled data before performing the analysis on the data.
Optimisation of the event selection criteria
The data used in this search were recorded between the 27 th of January 2007 and the 31 st The QFit and ΛFit methods, as introduced in Section 2, are respectively used for singleand multi-line track fit reconstructions. Pre-selection cuts are applied to obtain an event sample, dominated by well-reconstructed atmospheric neutrinos. For QFit, only upgoing events are used, i.e. cos(θ rec ) > 0. For ΛFit, the error estimate of the reconstructed muon track direction, β, should be smaller than 0.5, and a cut cos(θ rec ) > −0.1 is applied. The distributions of the track fit quality parameters, Q and Λ, for the resulting event samples are shown in Figure 4 for both reconstruction methods. By choosing additionally the cuts Q < 0.8 and Λ > −5.7, a purity of 69% and 72% in muon neutrinos is reached for QFit and ΛFit, respectively. The zenith angle distributions of the event samples after the cuts in Q and Λ are shown in Figure 5 . Single-line events, as reconstructed by QFit, are mostly found close to the vertical direction, as illustrated in Figure 5 (top).
After the pre-selection, the angular separation, Ψ, between the reconstructed track and the GC's direction is used in an optimisation of the model rejection factor [40] as a function of the WIMP mass, M WIMP . For each WIMP mass and annihilation channels listed in the Tables 1+2+3+4, the selected value Ψ is the one that minimises the average 90% confidence level (C.L.) upper limit on the ν µ +ν µ flux, Φ νµ+νµ , defined as:
where the index i denotes the periods with different detector configurations,μ 90% is the average upper limit of the background from scrambled data at 90% C.L. (computed using a Poisson distribution in the Feldman-Cousins approach [41] ), and T i eff is the effective livetime for each detector configuration. The effective area averaged over the neutrino energy, A i eff (M WIMP ), is defined as: 
where E th νµ ≃ 15 GeV is the energy threshold for neutrino detection in ANTARES, dN νµ /dE νµ
is the energy spectrum of the neutrinos at the surface of the Earth as shown in Figure 3 , and A νµ/νµ eff is the effective area of ANTARES as a function of the neutrino or antineutrino energy for tracks coming from the direction of the GC (Figure 1 for illustration) . Due to their different cross-sections, the effective areas for neutrinos and anti-neutrinos are slightly different and therefore are considered separately, whereas the fluxes of muon neutrinos and anti-neutrinos from the GC are identical.
The optimisation procedure provides a set of optimum values of angular separation to the GC, Ψ, for each mass of the WIMP and for each benchmark channel. The distributions of Ψ as a function of the WIMP mass, M WIMP , are given in Tables 1+2 and 3+4 . Regardless of self-annihilation channels and reconstruction algorithms, an optimised angular separation Ψ to the GC is wider for low M WIMP due to the degradation of the angular resolutionα at low neutrino energy (Figure 2) . Moreover, the optimimum Ψ for a given M WIMP depends on the softness of the self-annihilation channel, Ψ being wider the softer the channel. [4] . However, the low mass region, 25 GeV < M WIMP < M W , is probed by other channels. Moreover, the energy range for which QFit is more efficient than ΛFit will change slightly according to the softness of the self-annihilation channel. As can be seen in Figure 3 , most of the contribution of the bb channel lies in the range E νµ < 100 GeV, for M WIMP = 360 GeV, where QFit yields a higher effective area compared to ΛFit. Therefore, QFit is preferred over the range of masses M WIMP < 1.5 TeV to compute the best bb limit. Furthermore, this evolves according to the self-annihilation channel spectrum and the WIMP mass, as described in the following Section 5. 
Results and discussion
Given the pre-selection and optimisation processes described in Section 2 and 4, a total of 369 and 401 events for the unblinded 2007-2012 data are found within an angular separation Ψ of 20 • from QFit and ΛFit, respectively. This angle is large enough to contain all values of the optimal angular separation Ψ for all WIMP masses and for each channel. Figure 7 shows the integrated distribution of the reconstructed event numbers as a function of their relative angular separation to the GC, Ψ. Data are in good agreement with the expected background for both reconstruction algorithms. As no statistically significant excess is observed in the direction of the GC, upper limits on a neutrino flux can be set.
The 90% C.L. upper limits on the ν µ +ν µ flux at Earth, Φ νµ+νµ , are computed from the data according to Equation 4 .1, where the average 90% C.L. upper limitμ 90% is replaced by the upper limit at 90% C.L. on the number of observed events, µ 90% . Systematic uncertainties are taken into account and included in the evaluation of the limits using the Pole software following the approach described in Ref. [52] . The total systematic uncertainty on the detector efficiency is about 20% and comes mainly from the uncertainties on the average quantum efficiency and the angular acceptance of the PMTs, and the sea water absorption length. The detailed uncertainty study is described in Ref. [23] . This total systematic uncertainty translates into a degradation of the upper limits between 3% and 6%, depending on the WIMP mass. The corresponding limits are presented in Figure 8 for all the benchmark self-annihilation channels. In this figure, the results from QFit and ΛFit are combined to reach the best upper limit over the whole M WIMP range. Given its soft energy spectrum ( Figure 6 ), the channel bb yields the least stringent limit, while it is the opposite for ν ανα . The upper limits, Φ νµ+νµ , improve from low to high WIMP masses, as expected from the general hardness of the neutrino spectra at the surface of the Earth, the absence of interaction during the neutrino propagation along the line of sight from the GC (no absorption or diffusion are present), and the tightness of the optimum angular separation around the GC, Ψ, for high WIMP masses ( Table 4 ). The neutrino flux from the self-annihilation of dark matter particles at the GC can be expressed as:
with Ξ PP νµ+νµ as the particle physics term, which depends on the WIMP velocity averaged self-annihilation cross-section, < σ A v >, and the number of neutrinos, N νµ+νµ , that reach the surface of the Earth. N νµ+νµ is computed from the integration over the neutrino energy of the GC's self-annihilation spectra. The astrophysical J-Factor is the integral over the line of sight, l, and the solid angle around the GC, Ω, of the dark matter density, ρ DM , squared. The density ρ DM depends on the chosen dark matter galactic halo profile. The NavarroFrenk-White (NFW) profile [42] is selected as a reference for which the density profile of dark matter is expressed as: with r s = 21.7 kpc. The normalization of the profile density, ρ s , is computed by fixing the dark matter density at the Sun's position ρ(r Sun = 8.5 kpc) = 0.4 GeV · cm −3 [43, 44] . The systematic uncertainty introduced by the choice of a specific halo profile is discussed at the end of this section. The J-Factor can be computed using the package CLUMPY [45] with the contribution from clumps turned off. As demonstrated in Equation 5.3, the J-Factor is a function of the solid angle ∆Ω = 2π(1 − cos(Ψ)). Figure 9 shows the result of the computation of the integrated J-Factor for the NFW profile as a function of Ψ. Upper limits for the WIMP velocity-averaged self-annihilation cross-section, < σ A v >, can be set following Equation 5.1 for each benchmark self-annihilation channel, with known J-Factor for a given optimum angular separation Ψ for each M WIMP , and upper limits Φ νµ+νµ as given in Figure 8 . Figure 10 shows the 90% C.L. upper limits on < σ A v > as a function of the WIMP mass in the range 25 GeV < M WIMP < 10 TeV for the whole set of self-annihilation channels from Expression 3.1.
The < σ A v > upper limits obtained from the 2007-2012 ANTARES data are comparable with those obtained by other experiments. Figure 11 shows the resulting 90% C.L. upper limit on < σ A v > as a function of the WIMP mass in the range 25 GeV < M WIMP < 10 TeV for the self-annihilation channel WIMP WIMP → τ + τ − from this analysis compared to the results from IceCube-DeepCore 79 [46] , IceCube 59 [47] , and to the most stringent gamma- [48] for the combined analysis of 15 satellite galaxies (green) and MAGIC 2011-2013 [49] for Segue 1 (purple), and the IceCube-DeepCore 79 2010-2011 sensitivity [46] for the GC (blue) is also shown. Interpreting observed electron/positron excesses as dark matter selfannihilations, the orange (PAMELA) and green (PAMELA, Fermi-LAT and H.E.S.S.) ellipses have been obtained [50] . The dashed line indicates the natural scale for which a WIMP is a thermal relic of the early Universe [51] . ray limits from Fermi-LAT [48] , and MAGIC [49] . ANTARES 2007-2012 data provides the best upper limit at 90% C.L. on < σ A v > for the channel τ + τ − from a neutrino telescope. Furthermore, the interpretation [50] of the PAMELA excess as a dark matter self-annihilation signature, after being constrained by Fermi-LAT and H.E.S.S., is rejected at 90% C.L..
All the results are summarised in Tables 1+2 and 3+4 , where for each WIMP mass and channel the values of the optimised angular separation, Ψ, the 90% C.L. sensitivity, Φ νµ+νµ , computed from the background without signal expectation, the 90% C.L. upper limits, Φ νµ+νµ , the acceptance,Ā eff (M WIMP )×T eff , and the 90% C.L. upper limits on <σ A v > are presented. In these tables, the results shown in Figures 8 and 10 are highlighted in bold. To evaluate the influence of the dark matter halo profile used in the computation of the < σ A v > upper limits, different profiles have been tried. The Einasto profile [53] , favoured by recent dark matter-only simulations, is given by:
where r s = 21.7 kpc and α = 0.17. The isothermal profile [54] is given by: where r s = 4 kpc. Finally, an adiabatic contraction of the NFW profile due to infall of baryonic matter in the GC region [55] is given by:
where γ = 1.3. For all of these profiles, ρ s is computed as for the NFW profile. Figure 9 summarises the different J-Factors for these profiles. Figure 12 shows the 90% C.L. upper limit on < σ A v > for the self-annihilation channel WIMP WIMP → τ + τ − for the different dark matter halo profiles. The limits on < σ A v > for different profiles vary by one to three orders of magnitude depending on the WIMP mass. The optimum angular separation Ψ (Tables 2 and 4 ) is usually smaller in the high WIMP mass regime, making the computation of the < σ A v > more sensitive to the cuspiness of a profile for high WIMP masses (Equation 5.3 and Figure 9 ).
Summary and conclusion
Using the 2007-2012 data set recorded by the ANTARES neutrino telescope, an indirect search for dark matter towards the Galactic Centre has been performed. The observed number of neutrino events in the Galactic Centre's direction is compatible with the expectation from atmospheric backgrounds (Figure 7 ), for both reconstruction algorithms, optimised for low and high energy events. The 90% C.L. upper limits have been derived for the neutrino flux, Φ νµ+νµ (Figure 8 ), and the velocity averaged self-annihilation cross-section, < σ A v > (Figure 10) , for all the self-annihilation channels WIMP WIMP → bb, W + W − , τ + τ − , µ + µ − , ν µνµ , in the range of WIMP masses 25 GeV < M WIMP < 10 TeV. The 90% C.L. upper limit on < σ A v > for the channel WIMP WIMP → τ + τ − is the most stringent coming from a neutrino telescope, and is complementary to the most constraining upper limits obtained by the Fermi-LAT and MAGIC observatories (Figure 12) . Furthermore, the performance of the ANTARES neutrino telescope through this study allows the rejection at 90% C.L. of the interpretation [50] of the PAMELA electron/positron excess (constrained by Fermi-LAT and H.E.S.S.) as a signal from dark matter self-annihilation. 9.5 × 10 Table 1 . Results after optimisation from QFit for the angular separation, Ψ, the average 90% C.L. upper limit on the expected signal,μ 90% ; the 90% C.L. upper limit on the expected signal, µ 90% ; the total acceptance,Ā eff (M WIMP ) × T eff ; the 90% C.L. sensitivity on the neutrino flux at Earth, Φ νµ+νµ ; the 90% C.L. upper limit on the neutrino flux at Earth, Φ νµ+νµ ; the J-Factor for the given Ψ; the 90% C.L. sensitivity on the velocity averaged self-annihilation cross-section, < σ A v >; and the corresponding 90% C.L. upper limit on < σ A v >. Results for M WIMP > 360 GeV are available in 
